Gap junction channels connect the cytoplasms of adjacent cells through the end-to-end docking of hexameric hemichannels called connexons. Each connexon is formed by a ring of 24 a-helices that are staggered by 301 with respect to those in the apposed connexon. Current evidence suggests that the two connexons are docked by interdigitated, antiparallel b strands across the extracellular gap. The second extracellular loop, E2, guides selectivity in docking between connexons formed by different isoforms. There is considerably more sequence variability of the N-terminal portion of E2, suggesting that this region dictates connexon coupling. Mutagenesis, biochemical, dye-transfer and electrophysiological data, combined with computational studies, have suggested possible assignments for the four transmembrane a-helices within each subunit. Most current models assign M3 as the major pore-lining helix. Mapping of human mutations onto a C a model suggested that native helix packing is important for the formation of fully functional channels. Nevertheless, a mutant in which the M4 helix has been replaced with polyalanine is functional, suggesting that M4 is located on the perimeter of the channel. In spite of this substantial progress in understanding the structural biology of gap junction channels, an experimentally determined structure at atomic resolution will be essential to confirm these concepts. r
Introduction
Gap junctions are specialized regions of the plasma membrane in which hexameric oligomers, called connexons, dock end-to-end non-covalently across the narrow extracellular gap. These intercellular channels exclude the extracellular environment and allow the exchange of nutrients, metabolites, ions and small molecules of up to E1000 Da (Loewenstein, 1981) . Intercellular coupling by gap junctions is a fundamental mechanism for cell-to-cell communication within tissues of higher organisms. More than 20 unique connexins have been identified to date in virtually all multicellular organisms, from mesozoa to humans (Bruzzone et al., 1996; Gerido and White, 2004) , including a putative invertebrate connexin (Phelan et al., 1998; White et al., 2004) .
Each connexon in the channel consists of an annular assembly of six individual connexins, which forms a pore through the plasma membrane. The particular connexins present on the surfaces of adjacent cells may not be identical to each other (reviewed by Kumar and Gilula, 1996) . In the simplest homotypic case, the dodecameric channel is formed by a single connexin isoform. In the heterotypic case, a connexon formed by a particular isoform docks with a second connexon formed by a different isoform. Heteromeric connexons also exist in which the hexamer is formed by more than one isoform. The expression of multiple connexins in the same cell type, the multiplicity of isoforms, and the ability to form homomeric and heteromeric connexons, as well as homotypic and heterotypic channels, likely provides exquisite ''functional tuning'' of this family of membrane channels.
The primary biophysical tools for structure analysis of gap junction channels have included electron microscopy and image analysis, X-ray diffraction, nuclear magnetic resonance (NMR) spectroscopy, and atomic force microscopy (AFM). These techniques have been used in combination with mutagenic, biochemical and in vivo functional studies to explore the structural and functional properties of gap junction channels. In this review we will focus on some current molecular modeling studies based mainly on maps derived by electron cryo-crystallography and structurally focused mutagenesis studies. More comprehensive reviews by Yeager and Nicholson (2000) , Harris (2001) and Sosinsky and Nicholson (2005) include detailed reference lists.
Gap junction connexons are formed by a ring of 24 a-helices
Hydropathy analyses of the sequences of various connexin family members suggest the presence of four hydrophobic domains each comprised of 20-28 residues, referred to as M1, M2, M3 and M4, proceeding from the N-to the C-terminus (Milks et al., 1988) . Connecting the transmembrane (TM) domains are two extracellular loops (E1 and E2), each containing three cysteines, and one cytoplasmic M2-M3 loop. Both the N-and C-termini reside in the cytoplasm (Milks et al., 1988; Yancey et al., 1989; Yeager and Gilula, 1992) . The four TM domains, and particularly the cysteine-containing extracellular loops (E1 that connects M1 to M2 and E2 that connects M3 to M4) represent the most conserved regions of the family (Beyer et al., 1987; Kumar and Gilula, 1986) . The most variable domains, both in length and sequence, are the C-terminal domain and the cytoplasmic hydrophilic loop connecting M2 to M3.
The general higher-order assembly of gap junction channels ( Fig. 1 ) and the a-helical structure of the TM domains was first revealed by electron cryo-microscopy and diffraction analysis of 2D crystals (Unwin and Ennis, 1984; Unger et al., 1997 Unger et al., , 1999 . Each dodecameric channel is formed by the end-to-end docking of two connexons, which are rotationally staggered by 301 around the six-fold symmetry axis (Unger et al., 1997; Perkins et al., 1998) (Fig. 1a) . The 3D map at 7.5 Å in-plane resolution showed that each connexon contains 24 rod-like densities interpreted as TM a-helices, based on their length, diameter and packing (Unger et al., 1999) . (Fig. 2) . (b) Side view. The top connexon is in blue and the bottom one in red. Grayed areas denote parts of the structure that are most uncertain, especially the folding within the density at the boundary between the TM assembly and the extracellular space. Putative b sheets corresponding to E1 (on the perimeter of the extracellular gap) are drawn with thin lines to emphasize this ambiguity. The E2 loops are depicted as an interdigitating b barrel. Refer to Figs. 2 and 3 in Unger et al. (1999) for the corresponding views of the 3D density map derived by electron cryocrystallography. The dimensions for the TM helical domain and the extracellular gap are approximate.
The primary sequence identity of each TM helix could not be assigned at this resolution, and they were therefore arbitrarily designated A, B, C and D (Fig. 2) . Milks et al. (1988) first proposed that M3 was the pore-lining helix because it contained a hydrophilic stripe that was presumed to line the aqueous pore. The first experimental evidence for the accessibility of M3 to the aqueous pore was provided by experiments using the substituted cysteine accessibility method (SCAM) in gap junction channels formed by Cx46 connexons paired with chimeric Cx46, in which the E1 loop was derived from Cx32 (Zhou et al., 1997) . Two residues in M1, and three in M3, were accessible to aqueous sulfhydryl reagents, leading to a partial block of the channel. Surprisingly, the greatest effect was observed for two adjacent residues centrally located in M1. SCAM studies of Cx46 hemichannels have also suggested that residues in M1 are accessible to labeling (Kronengold et al., 2003) . Indeed, models have been proposed in which M1 is the major pore-lining a-helix (Oshima et al., 2003) .
By combining the results of an improved cryo-EM map (with an in-plane resolution of 5.7 Å and a vertical resolution of 19.8 Å ) with biochemical and biophysical evidence, a C a model for the TM domains within a connexon was proposed (Fleishman et al., 2004) . For membrane proteins, evolutionarily conserved amino acids are more likely to mediate protein packing interactions, and variable residues are more likely to face the lipid (Baldwin, 1993) . On the basis of the potential relative spatial location of conserved and variable residues within the connexin family, as well as SCAM analysis, the primary sequence of TM segments M1-M4 was assigned to the observed a-helices in the map ( (Fig. 2) . The relative rotation angles of the a-helices fitted into the density map were estimated by analysis of evolutionary conservation and hydrophobicity of amino-acid residues. Although this is the most well-defined model for the TM domains of gap junctions at the time of this writing, the conformations of the amino-acid side chains remain undetermined. In addition, the a-helical rods in the cryo-EM density map display curvature not reflected in the idealized C a model of Fleishman et al. (2004) . Experimental validation of the model proposed by Fleishman et al. (2004) was provided by expression of connexins with compensatory mutations based upon naturally occurring pathological point substitutions (Fleishman et al., 2006) . Competent assembly was assayed by fluorescent labeling of connexins in the plasma membrane. In addition, an attempt was made to identify, in each case, a compensatory mutation for each deleterious mutation that restored plasma membrane targeting. For example, function was restored with the salt-bridge swaps Arg32 with Glu146 and Glu209 with Lys22, and with the mutation of a single packing pair (Ser139 with Asn206). In addition to supporting the above TM assignment, this work is a good example of the tight linkage between structure and the biological function of the molecule.
We note that the helical assignment in Fleishman et al. (2004) differs from that deduced by previous SCAM experiments (Skerrett et al., 2002) in which the assignments of M1 and M2 were reversed (A ¼ M1, B ¼ M2). Fig. 2 . Possible molecular boundaries for the connexin subunit include a helical bundle (left) and a ''checkmark'' (right) (following the naming of Unger et al., 1999) . Each shows two assignments for the four TM a-helices within each subunit, according to Fleishman et al. (2004) (top, blue) and Skerrett et al. (2002) (bottom, green) . Dashed lines denote the extracellular loops, E1 and E2, and the solid lines denote the M2-M3 cytoplasmic loops. The a-helical rods designated A, B, C and D in the 3D density map derived by electron cryocrystallography (Unger et al., 1999) are also indicated. This discrepancy might be attributed to methodological differences or to possible differences in conformation, such as the latter representing an open conformation and the former a closed conformation. Another possibility is the presence of conformational flexibility or ''breathing'' that would create transient solvent crevices between a-helices that would allow labeling of residues that do not line the pore by water soluble reagents, as has been observed for K + channels (Simoes et al., 2002) . While progress has been made regarding the assignment of the a-helices, there still remains ambiguity as to the exact molecular boundary of the individual monomers, since the connecting loops between helices were not visible due to the limited resolution of the 3D cryo-EM map and possible disorder of the cytoplasmic regions of the connexins. The packing of the 24 a-helices within the six-fold symmetric connexon can accommodate several possible molecular boundaries. Scrutiny of the density map and exclusion of models that require crossovers of the E1 and E2 loops suggests that the most likely molecular boundaries are a closely packed four-helix bundle or a more loosely packed ''checkmark'' arrangement (Unger et al., 1999, 
Helical structure within the N-and C-terminal domains and cytoplasmic loop
There is limited information on the structure of the N-and C-termini and the M2-M3 cytoplasmic loop. These regions of the protein are critical in channel regulation. The N-terminus participates in voltage sensing ARTICLE IN PRESS Fig. 3 . (a) Sequences of loops E1 (top) and E2 and a statistical secondary-structure prediction with ICM software (in preparation). Tubes and arrows are predicted to be TM a-helices and b-sheet secondary structure, respectively. Note that the prediction for E2 shows partial bstrand structure. (The residue coloring comes from the alignment and depends on both the conservation and the residue type as in Fig. 4 .) (b) Loops E1 (red) and E2 (green) belonging to a single connexin subunit. The left side shows a side view, while the middle and right sides are pore views. The separation between the loops is $7 Å . The right side shows that the 35 amino acids of the complete loops would have to be tilted by $501 to be accommodated within the 40 Å extracellular gap (represented by horizontal lines), if one assumes that they form extended b strands. The cysteines forming disulfide bonds are indicated by gold sticks. (Verselis et al., 1994; Oh et al., 2004) , the M2-M3 loop participates in pH-mediated gating (Duffy et al., 2002; Morley et al., 1996) , and the C-tail participates in phosphorylation-dependent gating (Warn-Cramer et al., 1996; Zhou et al., 1999) and in pH-dependent gating (Ek-Vitorı´n et al., 1996; Morley et al., 1996) . The C-tail of Cx43 also binds v-SRC (Loo et al., 1995; Kanemitsu et al., 1997) and the second PDZ domains of zonula occludens-1 and -2 (Sorgen et al., 2004; Singh et al., 2005) .
NMR spectroscopy of the isolated C-terminus of Cx43 indicates that the polypeptide is mostly disordered, with the exception of two short non-associating helical stretches (amino acids 315-326 and 340-348), whose structure depends on pH (Sorgen et al., 2004) . These authors proposed that these helical regions may in fact dimerize and be important in gating.
A peptide corresponding to the N-terminus of Cx26 has also been characterized using NMR spectroscopy (Purnick et al., 2000) . The isolated 13-amino-acid peptide consists of a two-turn a-helix, which then unravels into a flexible loop-like structure. It was hypothesized that this short amino-terminal helix is oriented parallel to the TM helices lining the entrance to the pore, thus forming part of the conduction path and contributing to the voltage dependence of the channel. The structural mechanism by which regulation occurs and the overall arrangement of these domains in the complete channel awaits more detailed structural and/or biochemical studies.
NMR studies of a 26 residue peptide in the carboxyl portion of the M2-M3 cytoplasmic loop suggest the formation of two short a-helices under acidic conditions (Duffy et al., 2002) . These regions were proposed to bind to the C-tail of Cx43 and thereby mediate pH-dependent gating (Duffy et al., 2002) . We also note that the rod of density assigned to M3 in the cryo-EM map extends into the cytoplasm, suggesting continuation of the N-terminal portion of the loop as an a-helix (Unger et al., 1999, Fig. 3a) .
Portions of the extracellular loops pack as anti-parallel b-pleated sheets
Data are sparse as to the topological location of E1 and E2 in the extracellular gap. A careful electrophysiological and SCAM study of Cx46 hemichannels suggested that at least a portion of E1 is accessible for labeling (Kronengold et al., 2003) . If M3 is the major pore-lining helix, then we would expect that at least the N-terminal portion of E2 is accessible to the pore. The cryo-EM density map displays a continuous ring of density centered at a diameter of $34 Å and 6 arcs of density at a diameter of $52 Å . These features suggest that the polypeptide in the gap is highly ordered and that the apposed connexins have extensive contact area, which is needed to form a tight seal separating the channel from the extracellular environment. However, these features do not allow confident assignment of the secondary structure of the protein within the extracellular gap. Foote et al. (1998) proposed, based on the pattern of disulfide bonds between E1 and E2, a double-b-barrel model for the extracellular region of the channel. Each barrel would be formed by a dodecameric, anti-parallel interdigitation of b-turn-b projections from each connexon. In order to assess the plausibility of this proposition, we built a double b-barrel model (of which Fig. 1 shows the inner layer) using the diameter of $34 Å in the cryo-EM map (Unger et al., 1999) . Although this may appear to be reasonable, the distance between loops belonging to adjacent connexins is shorter than ideal for a b barrel, and as a consequence, only some of the inter-loop hydrogen bonds would be geometrically favored in our computational model. Also, note that this was also the case even for a virtually vertical orientation of the b strands (Fig. 3b) . Usually, b strands in known b-barrel structures are more tilted with respect to the membrane plane (Schirmer, 1998) , which would worsen the packing. We estimate that a tilt of about 501 would be needed for the full b-turn-b loops (about 35 amino acids) to pack within the accepted vertical gap space of $40 Å (Fig.  3b) . We therefore hypothesize that the extracellular loops near the surface of the lipid bilayer break from a b conformation. Presumably this region of the loops (indicated with a shaded horizontal box in Fig. 1 ) has a more complicated conformation so as to fit the 40 Å gap. A plausible variation could be that the b sheets of each connexin do not lie with their planes perpendicular to the radius vectors, but are somewhat rotated, which would also help accommodate the inner barrel within the $34 Å diameter seen in the map. The outer arcs of density in the extracellular gap, observed at a diameter of $52 Å , imply that the b strands cannot be packed as a continuous b barrel (since the same number of strands as in the inner barrel would span a larger diameter). Therefore, the continuous cylinder of density adjacent to the pore likely functions as the primary seal with the extracellular space.
Molecular modeling of the extracellular loops
We performed a statistical secondary-structure prediction of the E1 and E2 extracellular loops using ICM software (Abagyan et al., 1994) . For E1, there was no preferred secondary structure, i.e., appearing to favor random coil. For the E2 loop, the prediction yielded three segments of b strand, which spanned about 40% of the length of the loop, consistent with the above model.
By assuming a b-sheet secondary structure and carefully examining the sequence of the extracellular loops, particularly the positions of conserved prolines and cysteines, a potential spatial relationship between the extracellular loops (E1 and E2) can be defined. We therefore built a stacked b sheet model of E1 and E2 to see if the proposed disulfide bonding pattern of Foote et al. (1998) could be constructed with correct covalent geometry and stereochemistry. This was actually the case (Fig. 3b) . This model was built using the sequences of the Cx43 loops and placing the centrally located proline of each loop at the center of the b hairpin. The cysteine residues align very well with good geometry, allowing the disulfide bonds to form correctly, even though the central one is shifted by one residue between E1 and E2. (This model was then inserted into that of the whole channel shown in Fig. 1.) However, the distance between the loops provided by this model, about 7 Å , is less than that seen between the inner ring and outer arcs in the cryo-EM map (9-10 Å ). A possible explanation, as was suggested by others (Foote et al., 1998; Sosinsky and Nicholson, 2005) , could be that the 7 Å separation holds only for undocked connexons, but upon docking together, the disulfide bonds are exchanged to form intermolecular crosslinks between the cysteines that reside in the middle of the b strands (i.e., not the b hairpin cysteines). In order for these disulfides to form, the distance between the b hairpins would have to be $30 Å , as opposed to the $40 Å as suggested in Fig. 3 . The resulting gap of about 10 Å might presumably be occupied by the winding portion of the neighboring connexin's loops.
Selectivity of heterotypic interactions may be guided by the N-terminal portion of the E2 loops
Most homotypic couplings between connexons result in functional channels, but many heterotypic channels do not. An extensive summary of these compatibilities was presented in Yeager and Nicholson (2000, p. 47) . In particular, it has been shown that Cx46 may be functionally paired with either Cx43 or Cx50, whereas Cx50 does not form functional channels with Cx43 (White et al., 1994) . These electrophysiological experiments in paired oocytes suggested that the E2 loop was a major determinant of isoform selectivity. We analyzed this particular triplet (Cx46, Cx43 and Cx50) in an attempt to elucidate a plausible set of rules dictating this selectivity behavior based on the E2 sequence difference between these isoforms (Fig. 4) . Non-conserved residues are labeled and colored by polarity. Note that there is substantially more conservation in sequence in the C-terminal halves of the E2 loops, suggesting that selectivity is dictated by the more variable N-terminal regions. We observe notable differences in certain key positions (arbitrarily numbered 8, 10, 16, 18 and 23), which could potentially participate in hydrogen-bonds and/or salt-bridges (indicated by small spheres) that are quite different between the isoforms. The only disallowed pairing presented here, according to White et al. (1994) , is Cx43/Cx50. We suspect that this incompatibility is mainly the result of an Arg at position 8 in Cx50, conflicting with the nature of side chains near the b hairpin (residues 16-23) of the paired connexon. For Cx43, these residues could form H-bonds amongst themselves, leaving the side chain of H22 free, which together with the free side chain of R8 of Cx50, might obstruct the channel, or result in a steric clash. In contrast, when Cx50 is paired with Cx46, residues D16, N22 or T23 of the latter would be available to form H-bonds with the side chain of R8 of Cx50, constraining its conformation so as to avoid an obstruction or clash. Homotypic Cx50 channels would therefore be allowed, for the same reason (N22 H-bonded to R8). By these criteria, the pairs Cx46/Cx43, Cx46/Cx46 and Cx43/Cx43 present no obstacle.
Of course, this most likely represents an overly simplistic view based on a very limited sample size. Nevertheless, it appears that the potential packing of a simple secondary-structure model of E2 might begin to provide a working hypothesis for understanding the origin of pairing preferences amongst connexins.
Replacement of the TM segments alters packing and functionality
The role of individual residues in transmembrane helices has been traditionally addressed by scanning mutagenesis (generally Cys-or Ala-scanning mutagenesis), where the TM residues are substituted, one at a time, and the functional and/or structural consequences of the substitutions are investigated (Kaback et al., 2001; Frillingos et al., 1998; Lu et al., 2001; Uveges et al., 2002) . In the case of one of the better studied membrane proteins, the lactose permease of E. coli (12 TMs), it has been established that only 6 of its 417 amino acids are essential for function and cannot be replaced with another residue (Kaback et al., 2001; Abramson et al., 2003) . The recent discovery of an archaebacterial protein, Hsmr, with TMs composed of 440% Ala and Val (Ninio and Schuldiner, 2003) supports the notion that a large number of amino-acid variations are tolerated in functional molecules. However, we note that Beahm et al. (2006) described a related experiment whereby the mutation of a conserved threonine in M3 eliminates channel function, without preventing its formation.
Multiple simultaneous mutations are potentially very informative (Ninio and Schuldiner, 2003) , but it is generally thought that they are difficult to design because of the complex interactions of membrane-protein residues. With the possibility that amino-acid side chains within transmembrane a-helices are not necessary to generate and maintain the native folding of the membrane protein (Abramson et al., 2003) , and that non-polar inter-helix interactions are the most frequent packing interactions in membrane proteins (Lee, 2002) , Altenberg and his colleagues have replaced complete TMs with poly-Ala sequences (Miller et al., 2001 (Miller et al., , 2002 without homology to the wild-type amino-acid sequence (Fig. 5) . A priori, this approach looks risky because of potential effects of complete helix replacement on protein expression, targeting, folding, oligomerization and function. However, individual replacement of each of the Cx43 TMs with poly-Ala sequences yielded ARTICLE IN PRESS (d) show a comparison of the E2 loops of Cx46, Cx43 and Cx50, respectively. Only amino acids that differ in at least one of the three isoforms are shown in a stick representation. Cysteines are indicated with C and colored green on the ribbon. Residue coloring is: yellow, hydrophobic; pink, polar; red, acidic; blue, basic. Note that the Cterminal halves of the loops are highly conserved, suggesting that selectivity is dictated by the N-terminal regions of the loops. As discussed in the text, the hydrogen-bonding pattern near the b hairpin of Cx43, along with its H22, may account for its incompatibility with Cx50. This analysis was based on the three localized regions that are predicted to be b strands and did not depend on the complete b-turn-b fold depicted in the figure. Fig. 5 . Helix-scanning mutagenesis of connexin43. Each of the four helices was substituted by a poly-alanine helix (shown in green). The coloring scheme is the same as in Fig. 4 . The M4 substitution is the only one which preserved channel function (Bao et al., 2005) , consistent with the assignment of Fleishman et al. (2004) that M4 is on the perimeter of the channel.
mutant hemichannels that were expressed at the plasma membrane (Fig. 6b ) and exhibited dye transfer (Fig. 6c) .
In the experiments of Bao et al. (2004a Bao et al. ( -c, 2005 , functional Cx43 mutant hemichannels were defined as those capable of forming a plasma-membrane-regulated pore permeable to large hydrophilic solutes. Heterologous expression of recombinant Cx43 in single frog oocytes resulted in uptake of the 376-Da molecular weight hydrophilic probe carboxyfluorescein (CF) via Cx43 hemichannels (Bao et al., 2004a, b) . Fig. 6c shows that CF uptake is very low with normal extracellular [Ca 2+ ], due to specific hemichannel block (Bao et al., 2004a; Go´mez-Herna´ndez et al., 2003; Mu¨ller et al., 2002; Pfahnl and Dahl, 1999) , and that exposure to a low- [Ca 2+ ] medium resulted in a significant increase in CF uptake in the WT and poly-Ala mutants. Two known blockers of gap junction channels and hemichannels, 18-b-glycyrrhetinic acid and octanol (Bao et al., 2004a; Eskandari et al., 2002) also blocked this CF uptake (Bao et al., 2005) . In normal [Ca 2+ ], CF uptake is increased by the PKC inhibitor calphostin C because of dephosphorylation of Ser368 (Bao et al., 2004a-c) . Calphostin C also increased CF uptake in oocytes expressing a Cx43 poly-Ala mutant (Bao et al., 2005) . (For these experiments, expression of endogeneous Cx was suppressed by injecting the oocytes with Cx38 antisense oligonucleotides). Now, as to the whole channels, paired oocytes expressing poly-Ala mutants had no detectable gap junction currents, but Cx43-Ala4 formed gap junction channels with wild-type Cx43 (Fig. 6d , WT-Ala4 trace on the right). Although there was some asymmetry in the time dependency of the junctional currents elicited by transjunctional voltage pulses in the WT-Ala4 channels, the voltage dependency of the current was generally conserved (i.e., slow inactivation at large voltages). Fig. 6d (WT-Ala1 trace) also shows the absence of gap junction currents between an oocyte expressing WT Cx43 and another expressing Cx43-Ala1. Junctional currents were also absent between oocyte pairs consisting of one oocyte expressing WT Cx43 and the other one Cx43-Ala2 or Cx43-Ala3 (Bao et al., 2005) .
As described above, gap junction channel formation by docking of connexons of different connexin composition (heterotypic channels) occurs only between certain isoforms, i.e., is highly selective (Yeager and ARTICLE IN PRESS (Bao et al., 2004b) . Nicholson, 2000; Harris, 2001) . A change in the conformation of the extracellular loops has been shown to prevent hemichannel docking (Harris, 2001; Foote et al., 1998) , and it is therefore likely that a similar conformational change occurs in the poly-Ala mutants due to alterations in the packing or membrane-exit conformation of the TM helices. Changes in helix packing of the poly-Ala mutants are expected because small residues such as Ala favor closer helix packing in membrane proteins and the substitution of native polar residues can affect helix-helix interactions Eilers et al., 2000; Javadpour et al., 1999; Jiang and Vakser, 2004) . In any case, the results indicate that poly-Ala helix mutants form hemichannels whose permeability is increased by lowering [Ca 2+ ] and by blocking PKC, both known regulatory mechanisms of Cx43 gap junction channels and hemichannels. In addition, at least one of the Cx43 mutants (Cx43-Ala4) also formed functional gap junction channels.
Folding of connexins and functional implications
It is generally considered that the mechanisms of folding of membrane proteins are simpler than those of soluble proteins because of the constraints established by the lipid-bilayer environment. In membrane proteins, the folding is viewed as a two-stage process (Popot and Engelman, 2000) . First, the a-helices insert into the lipid bilayer with the correct topology, and second, the packing of these helices results in the final, functional, folded structure. Reality may be more complex , but this simple two-stage model explains a substantial fraction of experimental observations. The fact that the primary sequence of the Cx43 TM helices is not essential to form functional and regulated hemichannels suggests that the hydrophobic interactions between TM helices may not be the exclusive guide for the folding of connexins. Since the Cterminal domain of Cx43 is not required for the formation of hemichannels, either the remaining cytoplasmic regions (N-terminus, M2-M3 loop) and/or the extracellular loops (E1 and E2) may participate in directing the folding and assembly of connexons. In this regard, the extracellular loops may contribute appreciable driving force because they are highly structured compared with the N-and C-termini and the M2-M3 loop. Although conserved Cys residues in these loops are required for the formation of functional channels (Foote et al., 1998) , they are not needed for the assembly of hemichannels, as demonstrated with a Cx43 mutant that lacks these conserved Cys residues (Bao et al., 2004b, and unpublished observations) .
The formation of functional hemichannels by all Cx43-Ala mutants suggests that none of the helices contains specific residues needed for the formation of a large pore that is permeable to hydrophilic solutes. Even though dye transfer is maintained in the Cx43 poly-Ala mutant hemichannels, variations in the primary sequence of the helices likely tune function by alterations in helix packing and/or electrostatics. For example, the absence of larger wild-type side chains by the poly-Ala replacements of M1 and M3 could directly result in a larger effective pore for hydrophilic compounds, with an increase in permeability and size cut-off. The replacements can also reduce hydrophobic interactions of some permeants (e.g., fluorescent probes) with the pore (Harris, 2001; Weber et al., 2004) , with no easily predictable effects on permeability. The replacements of M2 and M4 may primarily affect helix packing.
In summary, the above results clearly indicate that fairly drastic changes in the primary sequence of the Cx43 TM helices do not interfere with the assembly of connexons. Nevertheless, the primary sequence of different connexin isoforms will determine size and substrate selectivity, which are critical for the function and regulation of gap junction channels.
Conclusions
In the last decade, there has been impressive progress in the analysis of several classes of membrane proteins, including reaction centers, porins, ligand-gated channels, voltage-gated channels, transporters and aquaporins (Raman et al., 2006) . By comparison, the tempo of discovery in the gap junction channel field has been slower. Possible reasons include difficulties with expression of engineered connexins with sufficient stability and quantity to allow detailed biochemical and biophysical analysis, difficulties in performing electrophysiological studies on a channel that spans two membranes, and lack of a repertoire of pharmacological agents to probe channel function. Nevertheless, recent electrophysiological, biochemical and biophysical studies, and analysis of engineered and pathological mutations have yielded a consensus model for the general molecular design of gap junction channels, which we have summarized in this review. There is currently no information on amino-acid, side-chain conformations, which will be essential to understand the molecular basis of (1) the stability and selectivity in docking of connexons, (2) mechanisms of gating (pH, divalent cations, phosphorylation, membrane active agents), and (3) the ability to form homomeric and heteromeric, as well as homotypic and heterotypic channels. Structural data at atomic resolution are required to gain insight into these unique functional properties of gap junction channels.
